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ABSTRACT
This project focuses on the development of a micro-organism concentrator.
Pathogen detection, particularly MEMS based detection, is often limited by sample
concentration. The proposed concentrator will interface with a pathogen detector. This
type of pathogen concentrator can be useful for many kinds of applications including
water purification systems, medical applications and biological warfare agent detection.
Due to the nature of these applications, the concentrator must be able to operate under
real-world conditions, and be robust to particulates and variations in solution
conductivity.
The concentrator is an active filter, which concentrate bacteria in solution using
negative dielectrophoresis, which pushes objects away from the electrodes toward field
minima. An electric field barrier is set up to guide cells toward a concentrated outlet
flow path while the bulk of the fluid, which permeates the electric field barrier, is sent to
a waste outlet. The cells are collected at the outlet and selectively released by turning off
the applied voltage. I have fully designed and modeled the characteristics of the
proposed concentrator and successfully fabricated the design. I have characterized the
system throughput using polystyrene beads and I have characterized the system
electrically using lumped circuit element models.
Thesis Supervisor: Joel Voldman
Title: Assistant Professor of Electrical Engineering and Computer Science
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Chapter 1: Introduction
This thesis describes the development of a microfabricated electric-field device
for concentrating bioparticles in real-world fluids. The target species for concentration is
non-pathogenic E. coli. The concentrator uses dielectrophoresis (DEP) to guide and
collect cells against fluid flow. The majority of the fluid goes to waste while the
concentrated cells are then selectively released in small volumes.
In this chapter, I will begin by outlining some of the work in dielectrophoretic cell
manipulation as well as existing concentrator designs using dielectrophoresis. I will then
give an overview of the physics of dielectrophoresis. This will lead into a description of
the problem and the project proposal that originated.
1.1 Background
Pathogen detection has many important uses in medicine, consumables, and even
biodefense. Recently, the threat of biological warfare has become a major driver for
quick detection of water-borne and airborne pathogens. Draper Laboratories
(www.draper.com) has developed a MEMS-based microbial pathogen detector which is a
flexural plate-wave based microfluidic system. Additionally, microfluidic-based
detectors have been tested in the lab and use a wide variety of techniques to sense
bacteria including acoustic wave sensor microarrays [2], amperometric detection
combined with self-assembled monolayers (SAMs) for trapping the cells [6], and the use
of molecular beacons [33]. The sensors are often limited by the concentration of the
liquid sample in question. The problem is that microbes may be present at low
concentration and still be pathogenic. In order to detect micro-scale bio-organisms and
quickly determine their characteristics, a concentrated sample should be fed to the
detector. The technology for microfluidic delivery and control of samples to MEMS
sensors is a growing area. This thesis proposes a micro-organism concentrator, the g-
concentrator, to pre-concentrate samples of real-world fluids and actively feed the
concentrated plug to the pathogen detector.
There are several existing laboratory techniques used for concentrating biological
samples. Membrane filters are used to block particles from flow against fluid [34]. The
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release of the cells from the membrane is difficult and does not lend itself to easy
interface with microfluidic-fed systems. The more common solution is to use centrifugal
forces to separate particles of different densities. Using a centrifuge to concentrate cells
is not practical for real-time field-portable usage. Centrifugation requires several pipet
and sample preparation steps to interface the sample with the microfluidics, which makes
it a lengthy process; the method is not easily interfaced with MEMS systems without
human intervention.
A wide variety of methods have been developed for microscale bioparticle
manipulation. It is possible to move particles using electric, optical, acoustic and
physical forces. Electrophoresis is the movement of a charged body in an electric field.
Inducing DC fields in conductive fluids causes corrosive electrochemical effects at the
electrodes, which makes it impractical for use in real-world fluids. Optical tweezers are
the analog to dielectrophoresis at optical frequencies [1]. Optical tweezer technology is
used to trap single cells but does not scale well for use with many particles, which would
require many optical beams. Ultrasonics are also used to manipulate particles in fluidic
flow [32]. This technology is difficult to miniaturize and use on particles as small as
bacteria. Micro-wells have been patterned on substrates to trap cells [20]. Micro-well
technology is passive and release of the cells is difficult. Atomic force microscopes are
also used for cellular manipulation [6], but the technology is expensive and not portable.
Dielectrophoresis is the force on an induced dipole body in a non-uniform electric
field. DEP is easily scalable and can be operated at high frequencies such that
electrochemical effects are no longer an issue. The technology offers active particle
manipulation that can be turned on and off without the use of active circuit elements,
which avoids complicated CMOS processing steps. The devices are easy to batch
fabricate, portable, and do not require the use of bulky instrumentation.
The g-concentrator is a tool for biological research. Microscale platform
technology can be useful in doing things that cannot be done at the macroscale such as
single-cell manipulation. Microscale tools are useful because they interface well other
microscale sensors, microfluidic devices, and microscopy. In addition to concentrating
cells, DEP has been used in cell cytometry and single-particle trapping for cell culture
[27][29].
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1.2 Dielectrophoresis
Dielectrophoresis is the force on an induced dipole in a non-uniform electric field
and is a way to manipulate a single cell or a group of cells on the micro-scale. Electric
fields across electrodes act on differences in permittivity and conductivity of the cell and
the surrounding medium. In a uniform electric field, the cell will remain suspended,
feeling equal amounts of force from both electrodes that cancel out. However, if the
electric field is non-uniform, the polarized cell will feel a net force pushing it toward the
region of high field density, as shown in the upper half of Figure 1-1. This force is called
positive dielectrophoresis (p-DEP). Negative dielectrophoresis (n-DEP) is the opposite
effect. If cell is suspended in a medium that is more polarizable than the cell itself, the
surrounding media will set up net charge surrounding the cell. The cell will feel a force
that repels it away from the electrodes toward field minima as shown in the lower half of
Figure 1-1. The effects of dielectrophoresis are different from the more commonly
known electrophoresis, which is the movement of a charged body in an electric field
irrespective of the surrounding medium.
The proposed micro-concentrator will utilize n-DEP to guide the cells and
collect them into an area of high concentration, hold them against fluid flow, and then
release them selectively. N-DEP was chosen for several reasons. First, with n-DEP there
is no danger of the cell adhering to the electrode or interacting with the metal of the
electrode since the cell is constantly being pushed away from the electrode. Second, cells
in highly conductive media will always show n-DEP forces at any frequency. At high
enough frequencies, we can ensure that the force is negative at all media conductivities of
media. Ideally, the 1-concentrator will behave similarly for all fluid conductivities.
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Figure 1-1: Dielectrophoretic forces
(Upper) Positive dielectrophoresis: the dipole particle is more polarizable than the
surrounding medium and is drawn toward field maxima. (Lower) Negative
dielectrophoresis: The surrounding medium is more polarizable than the particle and
sets up charge around the particle pushing it to field minima [27].
The DEP force is
Fdp = 2hzmR' Re[CM(j)]- VIE(r)12 (1-1)
where m is the permittivity of the medium, R is the radius of the particle, wo is the
frequency in radians per second, E is the complex applied electric field, and CM is the
Clausius-Mossotti factor defined as
CM = -m' (1-2)
S-2e
-p 
-,M
for a homogeneous sphere, where
0-
6= 6 +- (1-3)
JCO
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a is the conductivity and j is -1. Therefore, the dielectrophoretic force is dependent
upon the frequency of operation. Because the device will operate with sinusoidal
voltages, I use the time-averaged DEP force in equation ( 1-1) to determine operating
conditions. The above formulas are specific to spheroid cells. A graph of the real part of
the CM factor for E. coli is plotted in Figure 1-2 for varying frequency and fluid
conductivities. As shown by the graph, to ensure that the force is negative for all fluid
conductivities, the frequency must be above 20MHz, which is approximately the
crossover frequency between n-DEP and p-DEP for low conductivity solutions. The
vertical bar marked on the figure shows the chosen operating frequency of 80MHz.
80MHz is the highest frequency that our drive circuitry can reliably generate; ideally, the
device would operate at 1GHz. Because E. coli in highly conductive media only
experience negative dielectrophoresis, a p-DEP micro-concentrator for such real-world
fluids would be unrealizable.
Equation ( 1-1) describes the dipole approximation for DEP. This would be the
induced force on a body if it polarized only as a dipole. In fact, multiple-order poles can
be induced in the cell depending on the field geometry that it is in. This often occurs in
micro-scale systems where the size of the cell approaches the dimensions of the electric
field. Thus, I have included calculations of the quadrupole in my design.
To hold a particle against fluid flow, the DEP force acting upon that particle must
be equal to or greater than the drag force on that particle due to fluid flow and velocity.
That is, the force pushing back on the cell must overcome the force pushing it forward.
The drag force imposed on the cell by the surrounding fluid is found using the Stokes
drag equation for a sphere defined as,
Frag =6zqRU (1-4)
where -q is the viscosity of the fluid, R is the radius of the object, and U is the velocity of
the fluid that the object is suspended in. This equation is an approximation for a sphere
in a low Reynolds number fluid, Re<<1. I set the velocity of the fluid to be the
maximum velocity in a parabolic flow profile for worst-case calculations.
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Aside from the imposed DEP force, the Stokes drag force is the dominant force
acting upon the particle. An additional force to consider in regimes of high conductivity
fluid and high electric field is the force caused from electro-hydrodynamic (EHD) flows.
Large temperature gradients in the fluid will induce fluid flows; EHD occurs when the
electric field acts on thermally induced gradients in the permittivity and conductivity of
the solution inducing a force on the ions in the solution. The ions drag fluid as they move
and thus induce fluid velocities. These fluidic velocities can be translated into forces on
the cell by the Stokes drag force equation. I have included in my model the forces on the
cell caused by EHD. These flows can either aid or disrupt the concentration. If
temperature gradients are shown to be significant, the velocity profile of the fluid must be
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modeled and added in to the drag forces. The fluid velocities induced by electro-
hydrodynamic flow can be calculated by solving the Navier-Stokes equations [12].
1.3 Problem and proposed solution
The goal is to develop a device to pre-concentrate a bacterial sample before
detection at the micro-scale. The concentrator should act as an active microscale filter,
which can be turned on and off. The microbes will be filtered, collected and selectively
released to the detection mechanism. The device should be field-portable, and
compatible with micro-scale portable detection systems.
The concentrator will utilize the properties of dielectrophoresis to guide,
concentrate and trap E. coli bacteria. DEP provides an accessible pathway to manipulate
cells in solution on the micro-scale. Electric fields are appropriate for this purpose since
they scale well to the microscale and apply forces capable of moving micron-scale
particles. Electric field and dielectrophoretic concentrators have been demonstrated in
the lab [13][22][25], however, several factors have been ignored that make those designs
not robust to real-world liquids. The experiments demonstrated have all been in pure,
low conductivity solutions where the temperature rises would be negligible. The positive
dielectrophoretic forces are strong in this regime, however, the design is only viable for
low-conductivity solutions as shown in Figure 1-2, and the strength of the force varies
widely for different conductivities. The fluid flowrate used in the experiments was so
low that concentrating a lmL sample could take hours [25]. The goal of the proposed
micro-concentrator is to demonstrate robustness to the properties of real-world fluids,
while generating a force strong enough to concentrate in a timely manner. Such
robustness has been lacking in previous designs. To my knowledge, the g-concentrator
proposed in this thesis is the first DEP concentrator robust to wide variations in fluid
conductivity.
The pi-concentrator had to meet a set of specifications in order to be compatible
with existing MEMS-based sensors. To create a concentrator to meet the needs of
existing pathogen detector designs, the concentrator will be capable of one-hundred times
concentration enhancement. Although the initial design is not concerned with high
throughput, it is important to consider the amount of time it will take to concentrate a
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lmL sample. The design is focused trying to optimize the volumetric flowrate that can
be passed through the device. The organism used will be non-pathogenic E. coli in
phosphate-buffered saline (PBS) media. The concentrated plug will be released in
volumes as small as 1OpL. Another important specification is to keep the temperature
well below 65*C for cell health and viability.
(A) (B) CONCENTRATE (C) RELEASE
TO WAST OUTLIT
Figure 1-3: Design for micro-concentrator.
(A) A 3-D cartoon of the proposed chip (not to scale). The device has electrodes on the
upper and lower substrates. (B) The electrodes are energized to create electric field
barriers. The cells are redirected to the fluid outlet where they are held for concentrated
release. (C) The cells are released by turning off the electric field barrier, allowing the
cells to flow to the analysis chip.
Figure 1-3 shows the concept for the concentrator design. The device has a Y-
shaped microfluidic topology. The liquid is separated into a waste stream and an outlet
stream that will contain the concentrated cells and selectively release them to the analysis
chip. Across the length of the channel, the electric field will create a barrier to deflect the
cells and lead them toward the outlet stream. The second channel is created much
narrower than the other is so that only a small fraction of the fluid is sent toward the chip.
The electric field plug in the outlet stream is then shut off to release the concentrated cells
to the analysis system. To determine the final topology, I modeled and computed the
17
DEP forces generated by various electrode topologies and channel sizes. I describe the
design process in the following chapter as well as the final design for the p-concentrator.
I was able to characterize the functionality the concentrator described in this
thesis. I measured the throughput the device by running experiments on polystyrene
beads of various sizes in various conductivity media and showed that the maximum
flowrate that we expect to see complete concentration matches theory for low
conductivity media. Experiments in high conductivity media, however, do not match the
theory presented in the design section of this thesis. I have completed a full impedance
characterization of the system to assess this discrepancy. The final chapter of this thesis
will propose solutions to this problem.
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Chapter 2: Design and modeling
In this chapter, I will present the design tools, process and results that lead to a final
device design for the p-concentrator. Now that I have described the aims of the project, I
will describe how a solution came about. The major components of the design include
designing the optimal electrode as well as flow chamber geometry. I will conclude the
chapter with a description of the final device and its specifications.
In this chapter, I will refer to MATLAB m-files previously reported by Voldman
[27]. These m-files perform various calculations for dielectrophoretic analysis. Some of
the m-files were modified for the specific applications of the g-concentrator; these
modifications will be discussed in this chapter.
2.1 Design specifications
The designed p-concentrator is to serve a specific function: to concentrate E. coli
and selectively release it to the upstream detection system. Therefore, a set of
specifications are set by the needs of the existing device. The organism of interest is non-
pathogenic E. coli suspended in PBS buffer solution. The chips must be capable of 100
times concentration in minimal time, and therefore will be designed for maximum
throughput. The device must not heat shock the cells, thus the temperature of the fluid
must be less than 60'C. Temperature gradients must also be taken in to account due to
induced electro-hydrodynamic flows, which may weaken the strength of the trap.
There are several major challenges to the design. E. coli bacteria are very small,
approximately 1 micron on the long axis and half a micron on the short axis. The DEP
force is proportional to the volume of the cell; therefore, bacteria require very strong
electric field gradients to hold them against the fluid flow. High-conductivity solutions
lead to large temperature rises and temperature gradients at these high field strengths.
The device must not heat shock the cells. In modeling the device to determine the
topology, it is also important to consider the fabrication process. The designed process
should be reasonable for a one-year project, involving as few steps as possible to realize
the device.
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2.2 The modeling environment
I used to a program called FEMLAB to model the various electrode topologies.
FEMLAB, a MATLAB plug-in, uses a graphical user interface and finite-element
modeling to generate a three dimensional mesh grid of values that can then be exported to
the MATLAB workspace for further calculation. I provide FEMLAB with a geometry,
boundary settings and sub-domain settings, as well as appropriate coefficients and
mathematical expressions. The basic electro-magnetic equations, properties and quasi-
static approximations are built in to FEMLAB. An understanding of the built-in
capabilities of the FEMLAB work-frame is essential because the user must provide
further equations and constants. From the information provided and appropriate setup of
the workspace, FEMLAB computes the electric fields, temperatures, and flow velocities
necessary to analyze the concentrator design. Once these profiles are created, the
appropriate forces are calculated and compared by custom-written MATLAB scripts.
The outcome of this modeling is a predicted set of operating conditions and mask
geometries for realizing the g-concentrator.
The goal of the modeling is to compute the forces on a particular cell in a
particular solution, in this case non-pathogenic E. coli in high-conductivity media. All of
the modeling is done for the worst-case scenario. For the t-concentrator, the worst-case
is high conductivity media since the temperature rise in the fluid is a major limiting factor
for the design. The power density in the fluid subdomain is
W =uE 2  (2-1)
where a is the conductivity of the fluid and E is the local electric field. The temperature
rise determined by the power density for liquid in an electric field is proportional to the
power density and the conductivity of the fluid. High conductivity fluid will lead to a
large temperature rise. Worst-case analysis also means that the majority of the analysis
will be done for the center height of the channel. In pressure-driven microfluidic flow, or
Pouseille flow, the fluidic profile looks parabolic with respect to the channel height; the
centerline has the largest flow velocity to hold against. Worst-case modeling will lead to
a robust design that will operate in all specified conditions.
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The order of the modeling is vital to the modeling since the domains are coupled.
In FEMLAB, the electric fields are computed in the electrostatics domain. Next, the
resulting temperature rises are computed in the heat-transfer domain. This information
along with electro-hydrodynamic flow analysis is enough to determine the optimal
electrode geometry. Electro-hydrodynamic flows in the fluid are then computed in the
Navier-Stokes equations domain. All of this information is then exported to MATLAB
where forces are computed on the E. coli. Using these forces, particle trajectories can be
traced to determine if the forces are enough to deflect all of the bacteria. These
trajectories conclude the modeling validation of the design. An overview of the major
steps in the process is provided in the flowchart in Figure 2-1.
In FEMLAB
Calculate
electric field Compute
data DEP forces Particles will be
on particle No concentrated
under these
conditions
Calculate Compute
temperature Stokes drag Compute Does the particl
rises force on particle cross the
particle trajectory e - Particles will not
be concentrated
Calculate EHD Compute Yes under these
flows EHD forces conditions
ws on particle
Figure 2-1: Flowchart of the major modeling steps
From FEMLAB model data, allforces on a particular particle are computed in MATLAB.
From this a particle trajectory is computed and plotted. If the given particle crosses the
electric-field barrier then it is considered not concentrate. If the particle is deflected
then it is considered concentrated.
2.3 Modeling the cell
The electrical model for a spherical cell has been well characterized [6][9][17].
Each layer of the cell is characterized by its conductivity (a) and permittivity (C), and is
thus modeled as a parallel RC circuit with each layer in series. Figure 2-2 shows the
electrical equivalent model of a mammalian cell with an RC circuit representing the
cytoplasm, the cell membrane and the extracellular medium. At a high enough frequency
the permittivities of the layers dominate over the conductivities. The Clausius-Mossotti
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(CM) factor describes the frequency dependence of the dielectrophoretic force on the
cell. If the cell is driven in a high-frequency electric field, the extracellular conductivity
will have little impact on the forces on the cell, as shown back in Figure 1-2. Operating
at high frequency will allow uniform forces on the cell in any conductivity medium.
Extracellular
medium
Cell membrane Vf
Cytoplasm
Figure 2-2: Electrical model of the cell
This figure shows the equivalent circuit model of a mammalian cell with an RC circuit
representing the cellular cytoplasm, the cell membrane and the extracellular medium.
There are two outstanding differences between the mammalian cell model and the
bacterial cell model. First, bacteria have an additional layer in the model; they have a cell
wall outside the cell membrane, which adds another RC circuit to the model. I reduced
the model to from the three dominant permittivities of the cell to one effective E using the
smeared-out-sphere model [13]. The smeared-out sphere model takes a multi-layered
sphere where each layer has a different permittivity and conductivity and reduces it to a
single homogeneous sphere with one effective permittivity. Because DEP equations are
derived for homogeneous spheres, the problem must be reduced to one. The effective
permittivity (E*1eff) of two concentric materials in a sphere is calculated by
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where R1 is the outer radius of the inner material, R2 is the outer radius of the outer
material, L1 is the permittivity of the inner material, and E2 is the permittivity of the outer
material.
The second difference between bacteria and mammalian cells is that bacteria are
not spherical. I have chosen to model bacteria as prolate ellipsoids; these are three-
dimensional ellipsoids with one long axis (a) and two short axes (b). This modification in
the shape of the cell changes the dielectrophoretic force in two ways. The force is
proportional to the volume; therefore I have replaced the volume of a sphere with the
volume of an ellipsoid as shown in Equation ( 2-3).
F, = 2 zcab2 Re[CM(o)) -V E2 (r)] (2-3)
where a is the length of the long axis of the bacteria, b is the length of the short axis, and
CM is the frequency-dependent Clausius-Mossotti factor. The shape modification also
affects the polarizablility of the cell, thus it affects the CM factor. The CM factor for
prolate spheroids is defined as [17],
CM= -p ' *
_ _ 
_-+ ! ( 2 -4 )
where LI1 is the depolarization factor, which is defined by the ratio of the long axis to the
short axis. LI1 is defined as,
+-(3 Y-2)+( - Y-2 2 +
_ 5 7 _( 2-5)
(3 7-2)
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where y is the ratio a/b. When the ratio of the axes is one as in the case of a sphere, L1
reduces to 1/3. As the ratio becomes larger and larger, so does the depolarization factor.
This increases the CM factor when cm > ep. For F. coli with a long axis to short axis ratio
of two, the new definition of the CM factor increases the predicted forces by 11%
compared to a sphere.
To incorporate the bacterial cell model into the modeling environment several m-
file modifications had to be made. First, I added a function to compute the effective C of
the cell using the smeared-out-sphere model in an in-file called smear.m. I then
modified the m-file cmfactor.m which computes the CM factor to include the object
'bact' along with 'cell' and 'bead;' cmfactor.m now calls smear.m when a 'bact' object is
entered. Because the bacteria have an additional layer as well as additional information
on the axes, the function had to be expanded to include this additional information. The
input file, hchar.m, was modified accordingly.
Component Parameter Value
Cell Long axis 1 pm
Short axis .5 pm
Cell cytoplasm Relative permittivity 60
Conductivity 100 mS/m
Cell membrane Relative permittivity 10
Conductivity 50 nS/m
Thickness 5 nm
Cell wall Relative permittivity 60
Conductivity 500 mS/m
Thickness 20 nm
Extracellular medium Relative permittivity 80
(PBS buffer) Conductivity 1 S/m
Table 2-1: E. coli model parameters
Draper Laboratories provided the lengths of the long axis and short axis of the E. coli. I
extracted all other parameters from literature [26].
All of the modeling described in this chapter used the environment described in
Figure 2-1. Unless otherwise specified, all of the models were computed on . coli with
the specifications in Table 2-1. All of the simulations in this chapter that include cell and
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medium parameters use the values specified in the table. The simulations were run for
various voltages at a frequency of 80 MHz.
2.4 Electrode topology
The first piece of the device design involved determining the topology of the
electrodes. I needed to determine whether the electric fields throughout the channel, or
rather on the weakest line, were strong enough to hold against fluid flow. I drew the
geometries in FEMLAB and solved for the electric fields. The investigated topologies
are drawn in Figure 2-3 and described below.
(a) Planar Electrodes (b) Quadrupole
(c) Parallel Strips (d) Posts
Figure 2-3: Electrode geometries
(a) Coplanar electrodes lie on either side of the flow chamber either above or below the
sidewall layer. (b) Two pairs of coplanar electrodes, one above and one below the
channel walls, form a quadrupole. (c) Strips of electrodes lie above and below the flow
chamber. (d) Cylindrical posts protrude from the floor of the flow chamber.
25
* Planar electrodes, as described in the original proposal, sit on either side of
the fluidic channel and do not extend into it. These electrodes are patterned
thin-films on the lower substrate.
" A quadrupole adds another pair of electrodes above the planar electrodes. The
second pair of electrodes also sits on either side of the channel and do not
extend into it. These electrodes are also patterned thin-films above the
intermediary layer or on an upper substrate.
* Parallel strip electrodes lie above and below the channel itself. The electrodes
are thin-films patterned on an upper and lower substrate. The parallel
electrodes can be closer together than the quadrupole since they are only
constrained by the height of the channel and not the width. It is easier to
fabricate a wide channel than one that is narrow and tall.
" Vertical posts, electroplated in the channel itself, have no limitations on how
close they can be which means that they offer very high electric fields. The
modeling will determine whether the difficulty of electroplating posts offers
any advantage.
The analysis began with planar electrodes. Varieties of channel widths were
explored because for large distances electric fields at the center are very weak. Even for
small width dimensions at tens of microns, the electric fields were not strong enough at
the center of the channel to deflect any cells against a flowrate of lOpL/min. Another
major disadvantage to the planar electrodes was that the electric field would not extend
far in the z-direction, or the height as shown in Figure 2-4.
Adding a second pair of electrodes at the top of the channel to form a quadrupole
increased z-stability. A similar analysis was made of a quadrupole for a variety of
channel heights and widths. Even at high voltage, the electric fields at the center of the
channel were not strong enough to produce sufficient DEP forces. The quadrupole added
electric field strength to the top and sides of the channel but left a weak point at the center
of the channel with minimal field as shown in Figure 2-4. Center-point stability is crucial
to the design because it is the area of strongest flow velocity and will provide the most
drag force on the particle to block against. Due to the critical weakness in the design, I
abandoned the quadrupole as a plausible solution. Because of these initial findings,
alternate electrode geometries were explored, designs that would place electrodes closer
together and in the channel itself for higher field strengths and designs that had improved
stability throughout the channel cross-section.
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Figure 2-4: Electric fields for planar electrodes and the quadrupole
(a) For the planar electrode electric fields do not permeate far enough in the z-direction.
(b) The quadrupole leaves a weak space at the center of the flow chamber where there is
not enough electric field.
At this point in the design process, two competing configurations needed to be
fully modeled and explored. The first geometry was posts of electrodes [27]. Posts
erected in the channel can be closely spaced in a row to provide a solid barrier of high
electric fields. The second geometry consisted of strips of electrodes that are patterned
above and below the enclosed channel. The strip electrodes provide a solid wall of
electric field extending the entire width of the channel. The two electrode models are
fairly equivalent in that they are parallel electrodes, one with a field barrier across the
height of the channel and the other with a field barrier across the width. Due to
fabrication limitations, the two topologies present different electric fields as well as
differing temperature rises in the media.
The posts and the strips each present fabrication difficulties. Electroplating tall
and narrow structures is a tedious and fragile process. Aligning narrow strips of
electrodes could prove to be equally challenging if the tolerance is very small. The most
significant difference is that it is much easier to pattern narrow strips than it is to erect
very narrow posts.
To make a more complete comparison, the FEMLAB model was extended to
compute temperature rises in high-conductivity media with the stated power density of
equation ( 2-1) for the fluid subdomain. For such high field strength, temperature rises
prove to be one of the major limiting factors of the design. The fabrication limitations
determine the dimensions of the electrodes, which will affect the resulting fields and
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temperature rises. The models structured for the comparison of topologies need to be as
similar as possible to make a reasonable comparison.
Figure 2-5 shows the results of the electrode comparison. FEMLAB solves the
equation
E=-VV (2-6)
for the electric field where V is the voltage. I modeled the strip electrodes with
the following parameters. The width of the electrode is 5 pm, which is well within the
scope of lithography, however, much smaller and wafer alignment would become
exceedingly difficult. The length of the electrode was modeled as infinite. The distance
between the electrodes in this case was 15 pim. I modeled the posts with similar
parameters. The posts are 15 pm in diameter and 25-ptm high, an aspect ratio I borrowed
from previously fabricated posts [27]. Fabricating 5-jm wide posts would be too
difficult of a process. The posts are spaced 15 pm inner edge to inner edge to match the
strip electrodes. In both models I extended the substrates far enough such that the electric
field could extend into them. I modeled the boundaries as electrical insulators, which
should not affect the model if no or little field passes through it. All internal boundary
conditions were continuity. The applied voltages of the two topologies were calibrated to
produce equal electric field strengths along the centerline as shown in parts (a) and (b) of
Figure 2-5. Next, I ran heat transfer simulations for the calibrated voltages to compare
temperature rises. The posts produced a significantly higher temperature rise. Because
increasing the width of the electrodes greatly increases the temperature rise in the fluid, I
found that the strip topology was more advantageous than the post topology. The large
diameters of the posts cause fringing fields, which increase the temperature rise. If
fabricating tall 5-pim wide posts was more feasible, I may have chosen to use the post
topology, however, for ease of fabrication the comparisons shown that strip electrodes are
the logical conclusion.
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Figure 2-5: Electrode topology comparison
Finite element models comparing post electrodes and strip electrodes. (a) shows E-fields
forpost electrodes with inner edges 15 um apart, 11.2V The circular columns are
shown cut in half (b) shows E-field strengths for strip electrodes also 15 pm apart, 9V
(a) and (b) are calibrated for equalfield strengths. (c) shows the temperature rise
corresponding to figure (a) in iS/in fluid. (d) shows the temperature rise corresponding
to (b) in iS/ fluid. The strips do not produce as high of an absolute temperature rise.
2.5 Thermal management
Temperature rise in the high-conductivity fluid was a major limiting factor to the
design. Draper Laboratories specified to keep the temperature of the cells below 65*C. If
the temperature rise is high enough to kill or heat shock the E. coli, it will change their
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electrical properties [26] and will affect both the dielectrophoretic force and the ability to
sense the E. coli by the gCANARY. It is crucial to design the system to have the
minimal temperature rise above ambient in order to keep the cells viable and detectable.
Because characterizing the device involves optical access to the flow chamber, at
least one of the substrates must be made of glass. Glass has a thermal conductivity of 0.8
W/mK. The thermal resistance is given by
L
Rth = (2-7)
th A
Where L is the length of the substrate in the path of conduction, A is the cross-sectional
area, and oth is the thermal conductivity. The model assumes that all temperature
dissipates through the top and bottom wafers; therefore, the thermal resistance is
proportional to the thickness of the wafer. Conduction loss in the transverse direction
was neglected due to the small relative area and large distances to ambient. One
approach to decreasing the thermal resistance is to use very thin wafers; however, this
increases the difficulty of fabrication. A second approach is to make one of the wafers
silicon. Silicon has a thermal conductivity of 148 W/mK, which decreases the thermal
resistance by 185 times.
Figure 2-6 shows the temperature rises above ambient for two versions of the
chip. FEMLAB uses the following equation to solve for the temperature rise in the
system,
W = -V.(chVT) (2-8)
The FEM model was set up with thermal resistances between the top and bottom surfaces
and ambient temperature with thermal insulation around the perimeter. All internal
boundaries have continuity boundary conditions. The plot in (a) has 500-gm thick glass
wafers above and below the channel. The plot in (b) has a 500-pm thick silicon wafer
below the channel and glass above. I ran the model at 8V with a 13 pm separation. The
temperature rise with a glass substrate is 62"C above ambient with a 5"C vertical gradient
along the height of the channel. The vertical gradient is the temperature difference along
the height of the channel directly between the electrodes. Substituting the lower substrate
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for silicon lowers the absolute temperature rise to 19'C above ambient but raises the
vertical gradient to 1 0C since heat is dissipated through the bottom and trapped near the
top. For reasonable temperature rises within the limits of biology the chip needed to be
fabricated on silicon, however, the large temperature gradient will induce electro-
hydrodynamic flows, which will need to be modeled to ensure that the concentrator is not
significantly affected by such flows. A final version of the device could have silicon
above and below the chamber, which would lower both the absolute temperature rise and
the vertical gradient. Silicon presents the drawback of increased substrate capacitance;
therefore, a layer of silicon dioxide (Si02) will be deposited between the silicon and the
electrodes to minimize the capacitance, and to prevent making a Shottkey diode at the
metal/Si surface. 1-2 pm of Si02 will not significantly affect the thermal profile.
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(a) (b)
Figure 2-6: Effect of substrate on thermal characteristics
(a) Plot of the temperature rise above ambient with a glass substrate. (b) Plot of the
temperature rise above ambient with a silicon substrate. Both simulations were run at
8V with the electrodes 13 pm apart.
2.6 Chamber topology
After choosing the geometry for the electrodes I needed to size the flow chamber.
The size of the flow chamber affects the velocity of the flow where
Ua (2-9)
""2wh
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where U is velocity, Q is volumetric flowrate, w is the width of the chamber and h is the
height. The size of the chamber also directly affects the field strength since the distance
between the electrodes is coupled to the height of the flow chamber.
I chose to angle the electrode at 5' from the fluid flow. This allows the electric
field to nudge the cells into an area where they can be collected rather than holding them
directly normal against the flow. This decreases the drag force needed to block the cell
by a factor of sin 0.
An analysis of the maximum flowrate for the strip electrode topology has already
been carried out [1][22]. It is found that the maximum velocity that the electrodes can
block against is given by
U 9 cem Re(CM)R 2 V2 (2-10)
"" 6477h' sin 0
where 17 is the viscosity of the fluid and 0 is the angle between electrode orientation and
fluid flow. This equation comes from setting the Stokes drag on a sphere equal to an
analytical formulation for the DEP force for parallel plates. Setting equations ( 2-9) and (
2-10) equal to each other allows easy comparison of parameters when optimizing for
maximum flowrate. Figure 2-7 shows the comparisons made when designing for the
chamber height and width. The dashed red lines shows equation ( 2-9), the actual
maximum velocity of the fluid for various channel heights and two specific widths, 2mm
and 3mm. The blue lines plot equation ( 2-10) versus the height of the chamber for
various peak voltages for a volumetric flowrate of 10pL/min. It was clear from the
analytical formulations that I could not achieve 100pL/min without severe temperature
rises; I decreased the specification by an order of magnitude. This plot allows
comparison of various heights and widths. Points along the blue line that lie above the
red line will concentrate the sample. Points below the red line will not. The plot does not
show heights below 10 tm because that is the smallest filtration step allotted for the
sample, therefore no chamber dimensions can be smaller than 10 Im.
I chose to work with a 3mm channel width and ran FEM heat transfer models for
three points. The models had exactly the same dimensions and parameters except for
channel height and applied voltage. The three points were 8V at a 13-pm distance, 9V at
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a 15-gm distance, and 10V at a distance of 17gm. The FEM simulations showed
absolute temperature rises of 19*C for 8V, 21'C for 9V and 23*C for 1OV. The
conclusion is that the temperature increases more rapidly with applied voltage than Fdep
strength does, therefore a lower voltage design is more desirable.
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Figure 2-7: Plot offluid velocity versus channel height.
The temperatures given are at trapping distances for a 3mm wide channel. The dashed
line represents the actual maximum velocity of the fluid traveling in the chamber for
various widths. The solid line is the maximum trapping velocity for various voltages.
The chamber height is also the distance of the electrodes as shown below the graph.
The final designed chamber topology is a chamber 3mm wide and 13 pm high,
operated at 8V. The width of the electrode is 5 gm to keep temperature rises to a
minimum because the high power density will be constrained to a smaller volume. A 13-
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gm chamber height allows enough room for particulates 1-2 pm in diameter to enter and
not clog the chamber. The large width of the chamber will allow for accurate models of
the pressure-driven fluid flow. The p-concentrator is designed to concentrate against a
volumetric flowrate of 1 0pL/min.
To verify the strength of the p-concentrator, I plotted trajectories of E. coli using
calculated forces from the FEM models. These trajectories do not use the analytical
formulation in equation ( 2-10); they use the extracted fields from FEMLAB to calculate
a DEP force. The results are presented in Figure 2-8.
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Figure 2-8: E. coli trajectories for various volumetric flowrates
These plots are given for the designed concentrator at 8V and 1S/m fluid.
(a) The graph shows particle trajectories for E. coli starting 1 um away from
electrode. (b) The graph shows the trajectories of E. coli starting 5 Um away from
electrode. (c) The figure shows the orientation offluid flow vs. the electrode.
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The graphs in Figure 2-8 show the paths of the bacteria for various flowrates
starting 1 pm and 5 pm away from the electrode. The graphs point toward the direction
of the flow. The electrode, angled at 50 from fluid flow is parallel to the page as shown in
part (c) of the figure. Part (a) of the figure shows the trajectories at various flowrates of a
single bacterial cell starting 1 pm away from the electrode. Part (b) repeats part (a) for a
cell starting 5 pm away from the electrode. The graphs clearly show that at lOjL/min
the bacteria are sufficiently deflected away from the electrode to constitute concentration.
The chosen operating point on the graph in Figure 2-7 overshoots the flowrate by
approximately 3iL/min, which shows that the analytical model matches the FEM model
fairly well. The error may be due to the calculation of higher-order poles in the FEM
model, the analytical model only accounts for the dipole formation.
2.7 Fluid flows
Fluid flows greatly affect the design of the device. Equation ( 1-4) shows the
relationship between the drag force on the cell and the velocity of the fluid that it is
traveling in. Careful calculation of the fluid flows is critical to the p-concentrator design
for several reasons. The dielectrophoretic force must dominate over the drag force and
all other forces for successful concentration. In addition, because there are two outlet
flow-paths, I carried out a fluidic resistance analysis in order to size the channels to
achieve 100 times concentration.
Figure 2-9: Flow profile of electro-hydrodynamic flows in high-conductivity media.
The view is a cross-section of the flow chamber lengthwise. The vertical lines show
where the 5-pm wide electrodes are above and below the channel. The model is specified
for 8V with a 13-pm electrode separation.
The dominant forces on the cell are the drag force and the dielectrophoretic force.
Because I am operating the device at high frequency AC electro-osmosis will not be a
significant contributor to the fluid flow [12]. At high frequencies, electro-hydrodynamic
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(EHD) flow dominates over electro-osmotic flow [11]. At its optimal operating point, the
device has a vertical gradient of 10C. If the temperature gradient is high it will cause
local gradients in viscosity, density, permittivity and conductivity of the medium. These
inhomogeneities give rise to electro-thermal forces that act on the gradients in
conductivity and permittivity. At high frequency, the permittivity gradient dominates and
induces a dielectric force on the suspended ions in the solution. The ions move and drag
the fluid with them inducing flows. For small relative increments in permittivity and
conductivity the force on the fluid per unit volume is given by [10]
S(Ve Vo)-E . 1 21(FE)= ReK( IE -- E VC . (2-11)
) 2 a + jcoo 2
I set up a third FEMLAB domain to solve the incompressible Navier-Stokes equations
and to solve for the fluid flows in 1 S/m media. Appendix B: FEMLAB Electro-
hydrodynamic Modeling Setup details the setup for the model. Figure 2-9 shows the
flow profile resulting from the EHD effect at the operating point.
I exported the flow velocities in Figure 2-9 to MATLAB and converted to a force
using equation ( 1-4), the Stokes drag force in an m-file called EHDforce.m. Adding this
force to the dielectrophoretic force allowed me to revise the trajectory plots to include the
effects of EHD. Figure 2-10 emulates the plots of Figure 2-8 but includes the trajectories
of E. coli with the EHD-resulting forces. The resulting EHD forces are an order of
magnitude smaller than the drag forces on the cells. It is clear from the plots that EHD
weakens the strength of the trap by 10-20%, however, the p-concentrator was designed to
operate at 1 OpL/min which, according to the plots will still concentrate. The conclusion
is that the p-concentrator will concentrate for at least 10pL/min at the chosen operating
point.
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Figure 2-10: E. coli trajectories including electro-hydrodynamic effects
The trajectories are given for various flowrates compared with (blue), and without (red),
EHD flows.
Fluid flows affect the efficiency of the concentrator in a second significant way.
The fluidic resistances of the outlet paths determine the concentration factor. There are
two outlet paths for fluid, therefore the geometry of these outlet paths must be carefully
engineered such that 1/100 of the liquid flows out the concentrated path and the rest of
the fluid flows out the waste path. Figure 2-11 shows the equivalent electrical model I
used to determine the amount of flow that would go to each channel. The current supply
is the volumetric flowrate and in Pouseuille, or pressure-driven flow the fluidic resistance
is given by
12r/LRpois = .
P wh'
(2-12)
The height throughout the chamber is constant, therefore only width and length can vary.
I designed the concentrated outlet channel to have a narrow (50 gm) flow path and sized
the length to make it 100 times more resistant than the 2.5mm waste outlet channel. I
used external tubing with a large inner diameter not to affect the fluidic resistances. The
choice was to fabricate the concentration factor on-chip; however, if the outlet channels
were equal in size the concentration factor could be set off-chip by the resistance of the
tubing.
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VFigure 2-11: Resistive model for microfluidics
2.8 Final Design
With all specifications designed for, the final p-concentrator device design is set
to run at lOL/min to concentrate a sample of E. coli 100 times. I fully modeled the
device and determined that it will meet all specifications while maintaining cell health.
The maximum temperature rise in the system will be 19C above ambient temperature.
The final device concept along with design and operating specifications are detailed in
Figure 2-12.
TO WASTE OUTLET
U Final designed device
* Parallel Strips
* 5-jm electrode width
" 50 electrode angle
M 13-jim channel height
ELEC UM 3mm channel width
M 80 MIHz frequency
M 8 V at 1 S/m fluid
* 10 pL/min flowrate
Figure 2-12: Cartoon offinal concept for chip design
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2.9 Model Adjustments
The final designed device requires an 8Vpk field at 80MHz, which requires the
ability to generate a 16Vptp sine wave at very high frequency. I modeled the peak
voltage difference between the electrodes (8V). Because I am operating the device with a
sinusoidal wave, a 16V sine wave applied at one electrode and ground at the other will
generate a peak of 8V difference across the two electrodes. The current electronic setup
used in our laboratory cannot supply such high voltages at this high frequency. It is
difficult to find linear amplifiers which operate at such extreme specifications. Due to
the limitation in the electronics, I will operate the device at 5V peak amplitude, which
pushes the limits of what the buffer circuitry can do. This will scale the final device
specifications in the following manner:
" The DEP force scales with V2 , therefore the device will be able to block against
3.9 L/min.
" The temperature rise also scales with V2 , therefore the maximum temperature rise
at 1 S/m fluid will be 7.4'C above ambient.
" The EHD force varies as E2 to first order. The EHD force is reduced further due
to the difference in Vs and Va which are both decrease with VT. Without
doing calculations, the EHD force is reduced by at minimum the same amount as
the DEP force, and will therefore not weaken the concentrator specifications.
I will use the specifications detailed above to match data in Chapter 4: Concentrator
Validation.
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Chapter 3: Fabrication, packaging and test setup
In this chapter, I will present the micro-fabrication process to make the g-
concentrator and present the results of fabrication. The fabrication process is primarily
concerned with creating an enclosed flowchamber with electrodes patterned above and
below it. The complete process is detailed in
Appendix A: Fabrication process flow. I will first present the mask layout for
lithography. The last section of the chapter describes the packaging required to drive and
test the device and describes the design decisions made for ease of packaging.
Throughout this chapter, I will refer to the glass wafers as Pyrex, which is a
particular brand of borosilicate glass. In my process, I actually used Borofloat wafers,
which are a Pyrex equivalent and have nearly identical electrical and thermal
characteristics.
3.1 Layout
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Figure 3-1: Masks for microfabrication
(a) Ti/Au layer Mask 1, (b) SU-8 layer Mask 2
The p-concentrator process requires two masks for photolithography. Mask 1 is
the metal layer for the electrodes. The functional portions of the layer include contact
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pads for electrical drive and electrodes for in-channel DEP. The circles are markers for
drilling holes for fluidic and electrical access to the chip. The thick 1mm wide lines are
die-saw marks to separate each die. There are two sets of alignment marks on the mask,
the outer alignment mark is for alignment to Mask 2; the inner pair is a set of
complementary alignment marks for alignment to itself. I designed the mask with right-
left symmetry for ease of fabrication and reduction of cost. The upper and lower wafers
in the process have exactly the same electrode pattern and are processed in parallel. The
upper wafer is flipped and aligned to the lower wafer. In addition, there are a set of
features for sizing and labels for each die. A 5" soda-lime chrome mask was ordered due
to the small (<5 ptm) feature sizes. Because the electrodes are patterned with a lift-off
process, the mask is clear-field for the dark parts to remain.
Mask 2 is the SU-8 layer mask for the microfluidic channels. The channels are
oriented 5' with respect to the electrodes. The electrodes must be perpendicular to the
alignment marks to maintain symmetry. The SU-8 in the region above the contact pads is
removed for ease of contact. Because SU-8 is a negative photoresist, the mask is clear-
field to remove the channels. Mask 2 is a high-resolution transparency mask with
features down to 10 pm. The mask is transferred onto a chrome photomask blank for
more robust usage and so that it can be cleaned between uses. The process of the mask
transfer is described in
Appendix A: Fabrication process flow.
Figure 3-2 shows a detailed drawing of the device layout. The left half of the
figure shows one entire chip. The black outline is the channel wall from Mask 2. The
gold is the lower-layer electrode, and the brown is the upper layer electrode. This
drawing is what the device looks like from above since the Titanium is the part of the
upper layer electrodes that is exposed. The gold circles mark the holes for fluidic inlet
and outlet. The electrode traverses the width of the channel at a 5' angle. The right half
of the figure shows the head of the chip close up. The electrodes feed to a narrow outlet
channel to which all the cells are sent through. The cells are then collected at a trapping
region which blocks all the cells until the electric field is turned off and the cells are
released. The widened flow path reduces the flowrate in the trapping region.
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Figure 3-2: Detailed device layout
Lower substrate electrodes are shown in gold, upper substrate electrodes are shown in
brown.
3.2 Microfabrication
The fabrication process for the pi-concentrator is mainly concerned with
patterning electrodes above and below an enclosed microfluidic chamber. Because
electrodes need to be patterned above and below the chamber, I needed to use a wafer
bonding technique to enclose a microchannel. I outlined the basic steps of the process in
Figure 3-3. In this section, I will talk about the design, results and the difficulties of the
process. For the process recipe, refer to the appendix. The last section I will give
suggestions for improvement for the second generation of the device.
3.2.1 Process overview
I processed the micro-concentrator in MIT cleanrooms. The bulk of the
processing was done in the Technology Reseach Laboratory (TRL), a class 100
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cleanroom, on silicon and Pyrex wafers in parallel. Ideally, in this device, both the top
and the bottom of the fluidic channels would be made of silicon; however, due to the
need for optical accessibility of the channels, the top will be made of Pyrex. Figure 3-3
outlines the major steps in the microfabrication process.
Since the silicon wafer must have a layer of oxide for electrical isolation, the first
step in the process was to grow thermal SiO2 on the wafers. Next, I patterned metal
electrodes on both the silicon and the Pyrex wafers. I patterned these electrodes using an
image-reversal liftoff process of Gold (Au) with a Titanium (Ti) adhesion layer. I
exposed and developed the photoresist, and then evaporated 500A of Ti and 5000A of
Gold onto the wafers. The final step was to lift off the unwanted metal in acetone.
(A) I IZIX
(A) Processing is done on a
lowly-doped silicon wafer and a
Pyrex wafer. (B)
(B) Thermal oxide is grown on
the silicon wafer.
(C) Titanium/Gold electrodes
are patterned on both the
TI/Au
FH E H H
silicon and Pyrex wafers in (C)
parallel using a lift-offprocess.
(D) The silicon wafer is taken
out of the cleanrooms to have
microfluidic inlet/outlet holes
drilled. The Pyrex wafer has (D)
SU-8 microfluidic channels
patterned.
(E) The wafers are aligned
using a mask aligner and
bonded by heating the SU-8 (E)
under pressure.
Figure 3-3: Major steps of the microfabrication process.
At this point in the process, the Pyrex wafers and the silicon wafers take divergent
paths. In order to get fluid in and out of the channels I drilled holes in one of the wafers.
I remove the silicon wafer from the cleanroom to have holes drilled using a diamond drill
bit. The Pyrex wafers remain in the cleanroom to have the microfluidic walls patterned
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on to them. These walls will be made of SU-8, which is a negative photoresist and an
epoxy resin and forms a very strong bond. I spun SU-8 onto the wafer, and patterned it
using conventional photolithography techniques to yield high aspect ratio structures.
The final and most difficult step in the proposed process was to align and bond
the two wafers. Because the electrodes are extremely narrow, the tolerance of the
alignment can be only a couple of microns laterally and a couple of degrees in theta. I
made the alignment using a mask aligner. I bonded the wafers on a hotplate under
clamped pressure to seal SU-8 to the silicon wafer. A die saw then cut the wafers into
chips.
3.2.2 Electrode pattern
Figure 3-4: Ti/Au electrodes patterned onto silicon and Pyrex wafers
The first step of the process required thermal oxide to be grown on the silicon
wafers. A member of the Microsystems Technology Laboratory (MTL) staff ran the wet
oxidation for me. The wafers were run through standard RCA cleans with HF. Two
cycles of wet thermal oxidation aimed for an oxide thickness of 1.5 Am. The measured
thickness of the oxide layer was 14,510 A ± 30A, measured using the KLATencor
UV1280 Film Thickness Measurement System.
I patterned the electrodes using a gold lift-off process. Image reversal photoresist
(AZ-5214E) was patterned onto both the silicon and Pyrex wafers. 5000A of Au was E-
beam evaporated over a 500A adhesion layer of Ti. The measured thickness of the
electrodes was 0.53 pm, measured with a Dektak profilometer.
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I designed the mask with several electrode widths. The design calls for very
narrow and very long electrodes to be aligned one over the other. This means that not
only is there a stringent lateral alignment tolerance but a stringent angle tolerance as well.
I patterned several electrode widths in case I was not able to make such a stringent
alignment. The calculated angular alignment tolerances for each electrode width are
listed in Table 3-1 along with the measured widths of the electrodes for the silicon and
Pyrex wafers. I used different exposure times for the two different wafer variants,
therefore the width needed to be verified on each. Figure 3-4 shows the completed
electrode pattern on the two wafer types.
Designed Silicon measured Pyrex measured Tolerances
width width width lateral/angle
5 pm 5.5 ±.5 pm 5.0 ±.5 gm <5 Rm/.017*
10 pm 10.0 ± .5 pim 9.5 ±.5 pm <10 pm/.035*
20 pim 19.5 ±.5 pm 19.5 ±.5 jim <20 gm/.070
Table 3-1: Measured electrode widths and allowable alignment tolerances
Electrode width measurements were made using an optical microscope with
approximately 1 pm of measurement tolerance, the value given is an average over
several measurements. The tolerances listed in the table show how accurate the
alignment of the wafers needs to be for significant overlap of electrodes.
3.2.3 SU-8 processing
I chose to use SU-8 as the sidewalls for the chamber for several reasons. SU-8 is
a thick photoresist and can reach thicknesses as high as hundreds of microns. The
photoresist uses standard UV processing. It planarizes over other features, which is
useful for this application since SU-8 will be spun over the electrodes, which protrude
half a micron. After processing, the sidewalls are nearly vertical which makes it perfect
for microfluidic applications [19]. The most compelling reason to use SU-8 for the
sidewalls is that it can be used as glue to adhere two substrates. Previous work has
shown that two substrates patterned with SU-8 can be bonded after developing the SU-8
leaving an enclosed microfluidic channel [20]. The work done by C-T Pan compared the
bonding strength of an array of photoresists. Pan found that SU-8 has the greatest bond
strength over a range of temperatures and forces. I do not have the freedom to pattern
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SU-8 on both substrates since the silicon wafers must leave the cleanroom to have holes
drilled in it, therefore all of the SU-8 processing happened on the Pyrex wafers. Because
the SU-8 will only be on one substrate, it was much more of a challenge to bond the two
wafers together and to obtain an even bond over the wafer. I present the results of the
wafer bond in section 3.2.5.
The SU-8 needs to be a level height of 14[im to separate the 0.5pim electrodes by
13pm. A small height variation of less than a micron then the die-scale variation will be
small enough to ignore. I used SU-8 2015 at 3500rpm to achieve the desired height.
MicroChem spin-speed curves served as a guide for this recipe [19]. Measurements
made on the WYCO optical profilometer confirm an average height of 14/tm with a
variation of 0.5pm to 0.7stm over the wafer. I measured the height at four points over a
single wafer. While these small variations over the wafer do not affect the quality of the
bonding, ridges and imperfections that occur during spinning will affect it. During spin-
on, it is important to coat the entire wafer in SU-8 prior to spin; this increases evenness
over the wafer.
Exposure Time Height Variation
6 sec 13.8 Im 0.5 pm
8 sec 13.5 pim 0.5 Am
10 sec 13.8 pm 0.5 dm
12 sec 14.05 pm 0.15 Im
Table 3-2: SU-8 exposure results
Optical profilometer measurements were made on a single wafer with multiple exposures.
Height shows the thickness of the SU-8 and the variation shows surface height variation.
I prebake the wafers on a hotplate at 65'C for 1 minute and 95'C for two minutes.
Post-exposure bake is identical to the prebake. To determine an exposure time I used
multiple exposures on a single wafer where I exposed a quarter of the wafer at a time
each with a different exposure time. I present the results of the exposures in Table 3-2.
This table presents measurements made on a single wafer with four different exposure
times; I never repeated the experiment. I measured the height and the surface variation
for each exposure time. There was no significant degradation in height from under-
exposure. The variation in height may be from variations in SU-8 spin-on and prebake
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height. It was optically apparent that the longer exposure times had less surface
variation; however, the limiting factor was the tackiness of the SU-8. A long exposure
time made the SU-8 harder and thus not tacky enough to bond. I started with a 12-second
exposure and backed off until the wafer was tacky. I used an exposure time of 9 seconds
on the device wafers.
3.2.4 Fluidic and electrical access
(a) (b)
Figure 3-5: Drilled holes in silicon wafer
(a) Magnification of drilled hole at inlet of flowchamber, the gold circles were not
designed with right-left symmetry so they appear misaligned, (b) Silicon dust covering
the drilled wafer
Fluidic and electrical accesses to the chip are made through drilled holes in the
bottom substrate. I drilled holes in one wafer for ease of fabrication. To maximize the
amount of optically accessible space on the chip, all holes and access were made to the
chip from the bottom through the silicon substrate. Before removal from TRL, the wafers
are spin-coated in a thick photoresist and prebaked. The thick photoresist coat serves two
major purposes: it protects the electrodes from possible scratching, and it makes cleaning
the wafer much easier. Drilling holes in silicon leaves a layer of fine silicon dust all over
the wafer as shown in Figure 3-5 (b). The silicon dust is very difficult to remove from
the wafer. The acetone cleanse of the photoresist lifts off the dust that lies over it making
the clean very simple and without the need to agitate the wafers. I kept the wafers in an
airtight container after cleaning to minimize the amount of dust on the surface.
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I drilled the holes with a .75mm diameter triple-ripple diamond drill bit (C.R.
Laurence). I lubricate the region with water during the drilling. The holes are marked by
gold circles patterned on the metal layer. Hand alignment to the circles yields reasonable
alignment as shown in Figure 3-5 (a). Each chip requires five drilled holes, two for
electrical access and three for fluidic access, which yields a potential for sixty holes over
a single wafer. It is crucial to place the wafer on a flat surface and to make sure there are
no uneven forces on the wafer or it will crack.
3.2.5 Wafer bonding
After removal from the TRL yellow light area, I kept the SU-8 patterned Pyrex
wafer in a light-impermeable, airtight container to keep from overexposing the wafer. I
completed all process steps in rapid succession on the same day to maintain SU-8 the
amount of solvent in the SU-8. This is even more crucial for the SU-8 2000 series, which
uses the fast-evaporating solvent Cyclopentonone.
I aligned the wafers on the Karl Suss MJB-3 broadband mask aligner in the
Exploratory Materials Laboratory (EML). The Pyrex wafer was held upside-down by
vacuum to the mask holder while the silicon wafer was inserted as usual. I aligned the
wafers and brought them into contact. The tackiness of the SU-8 allowed transfer of the
wafers without altering the alignment. Upon contact, I placed pressure at the center of
the wafers and released vacuum. Pinching the wafers together, I transferred them to a
hotplate at 95"C. I placed a flat weight, approximately IOlb., as well as pressure by hand
over the wafers to apply pressure and enhance the bond.
The first iteration of the align and bond process is shown in
Figure 3-6. Part (a) shows the bonded areas of the wafer and the areas that did not bond.
There were three major areas where the bonding was unsuccessful: around the perimeter,
over the electrodes, and over defects and particulates. It is difficult for the exposed SU-8
to seal around protruding electrodes and particles. It is important to ensure that all of the
excess gold has been removed by lift-off; if there are flakes of gold they will interfere
with the bond. It is also important to keep the wafers as clean as possible after they have
been removed from the cleanrooms. An area of approximately 1cm in length around the
perimeter would not bond in nearly every trial. While the cause remains unclear, it may
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have to do with natural bow in the wafers or with the profile of the SU-8 on the surface of
the wafer. Fortunately, the bond sealed the majority of the area around the flow
chambers, forming several workable devices.
Bonded
area (dark)
Unbonded
area
(a)
(c)
Figure 3-6: First bonded device wafer and alignment ofparallel electrodes after bond
(a) overview of the full wafer showing bonded and unbonded areas, (b)5-um wide line
alignment at start offlowchamber, (c) 5-um wide line alignment at outlet offlowchamber
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(b)
The second device wafer bond yielded much better results. Figure 3-7 (a) shows
the alignment at the end of the channel of two 10-gm lines. The dark line is the Ti layer
on the Pyrex wafer and the bright piece peaking out from underneath is the gold layer on
the silicon substrate. Lateral misalignment was <2 gm while the 0 misalignment was
immeasurably small. There was a clear misalignment along the length >5 pm,
fortunately this misalignment does not affect the functionality of the device. Part (a) of
the figure clearly shows that the chamber did not fully seal around the perimeter of the
flowchamber. After die sawing the wafer, I placed one die at a time on a hotplate at
100'C for ten minutes to enhance the seal as shown in Figure 3-7 (b). I placed an
aluminum plate over the die and clamped it to the hotplate using a c-clamp. The clamp
applies up to 100's of pounds of pressure on the die with fairly even pressure if I position
the die directly beneath it. The clamping and reheating of the die greatly enhanced the
seal around the flowchamber. By measuring optically with a Zeiss Axioplan 2
microscope, I confirmed that neither the initial bond nor the rebond degraded the 14-pm
chamber height.
(a) (b)
Figure 3-7: Improvements of the second wafer bond
(a) shows 10-um wide lines at the end of the flow chamber, (b) shows c-clamp and
hotplate method of improving bond
50
3.2.6 Process improvements
The fabrication results presented are the first iteration of the process design. A
second iteration of this process could greatly improve the results. I present my
observations and general notes for processing improvements.
Mask 1 should be designed with no areas completely surrounded by gold, like the
circles which mark the fluidic holes. The liftoff process requires the acetone to have
access to the underlying photoresist. The die saw lines of Mask 1 should be narrowed to
500 pim or less. If hand-drilling holes remains part of the process, the marks should be
changed from circles to crossmarks. The alignment marks to Mask 2 do not need to be as
small or accurate. The alignment tolerance between the two masks is >5 gm, therefore
lines and spaces smaller than 5 pm are not necessary. Because the second mask is a
transparency mask, where features can only get down to 10 pm, a different alignment
mark should be used.
Bonding was weakest around the perimeter of the wafer. The outer centimeter of
the wafer did not bond in a repeatable fashion. Therefore, very few devices bonded all
the way around the perimeter. To avoid this, redesign Mask 1 to have a smaller number
of chips in the center of the wafer rather than many chips but close to the edge. Another
alternative would be to fabricate on 6" wafers.
Hand-drilling 60 holes on a single wafer requires a bit of luck along with skill and
experience. Deep reactive ion etch (DRIE) with a frontside protect would also be a
difficult process, but perhaps ultimately more reliable. If hand-drilling holes remains part
of the process, one should then request approval to bring the wafers back in to TRL after
cleaning to be aligned on the EV1 mask aligner as this would allow alignment marks to
be further away from each other for a more accurate 0 alignment.
I have several suggestions for possible improvement of the bonding process,
however, I have not tried the things I am about to suggest.
0 I did not have adhesion problems with the SU-8 on the Pyrex wafer; however, a
dehydration bake prior to spin-on would ensure good adhesion.
0 The silicon wafer goes through a solvent clean prior to bond, which could detract
from SU-8 adhesion to the silicon wafer. Clean the silicon wafer first in an
ultrasonic bath of acetone, methanol then isopropyl alcohol, then run it though the
02 plasma asher to remove scum on the surface.
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* Give the silicon wafer a dehydration bake just prior to alignment.
" The initial bake for the wafer bond should be done under more pressure than a
simple weight; a clamping system would improve bond results. It is important to
ensure that the area is very flat and not to place uneven pressures on the wafer.
These suggestions could improve overall bonding of the wafer, such that more of the
chips will be viable for use and the process will not require a second bake step.
Would electroplating posts and encasing them in Polydimethyl Siloxane (PDMS)
have been an easier process? Certainly PDMS affords the advantage of opening and
cleaning the chamber as well as counter-top processing. Electroplating the amount of
posts needed for the concentrator would be extremely difficult; if one post broke or
cracked the entire chip would not be viable. The posts would have to be either very wide
or very short, which would result in larger temperature rises. If we back off on the 1 S/m
specification for solution conductivity, then temperature rise is less of a limitation and
this approach could be a viable option. However, a second iteration of the current
fabrication process with the suggested improvements would yield favorable results. The
question of whether the strip topology was the correct choice is not a processing question
and will be discussed in detail in the conclusions of this thesis.
3.3 Packaging
The package for the p-concentrator is primarily concerned with ease of electrical
and fluidic access to the chip. I mount the chip on a printed circuit board (PCB) which
provides the electrical connection and holes for fluidic ports. The fabrication process
created an enclosed microfluidic chamber; therefore, I need only to make the appropriate
connections to the drives. The first section will overview the package design; the
following sections will present specific details and results of the fluidic and electrical
connections.
3.3.1 Package Design
In this section, I will overview the package design and the steps to build the
package starting from the chip and working out to the drive systems. The design is a
variation of a package design built by Brian Taff.
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The chip sits atop a custom designed PCB (ExpressPCB) shown in Figure 3-8.
The design fits two packages on a single miniboard, which cuts cost and keeps the
package to a minimal size. An outline of the chip is drawn for good alignment to the
access holes. Five holes are aligned to the five drilled holes in the silicon wafer. All
accesses are made from the bottom of the chip leaving the top of the chip entirely
optically accessible. I sized the fluidic holes in the PCB to be .061" for pressure-fit 1/16"
PEEK tubing (Upchurch). The pressure-fit holes take the place of expensive and bulky
connectors such as nanoports (Upchurch). Conductive epoxy is meant to provide
electrical access to the chip through the backside hole connecting the metal-lined hole to
the electrical connector by a trace. The connector leads to the drive electronics. The four
holes on the perimeter are for screw attachments to the base of the package. Figure 3-9
shows a cross-section of the package as well as a photo of the completed implementation.
Figure 3-8: Printed circuit board layout
The red is the upper metal layer; the green is the lower metal layer; the yellow outlines
connectors. The circles are metal-lined via holes through the PCB.
When the chip is ready to be packaged, I first soldered the MHR24K-ND 24-
contact connector to the PCB. I then fill the electrical connection holes with conductive
epoxy (Circuitworks, CW2400). I pressure-fit the PEEK tubing to the fluidic holes,
making them flush with the surface of the PCB. I make bends in the tubing with the aid
of a heat gun. Next, I coat the area that the chip is mounted on with high-performance
epoxy (Loctite, Fixmaster) leaving enough area around the holes for connection;
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however, it is important to seal the area between the holes. I align the chip on the PCB
making sure that the inner holes in the tubing are exposed and approximately centered in
the access holes. Once the adhesive is dry, I flip the PCB to fill the holes for electrical
connection with conductive epoxy making sure there is contact to the conductive epoxy
on the chip. While the board is bottom side up, I seal the area around the tubing with
epoxy to ensure water-tightness. When the epoxies are dry, I turn the board over and seal
the perimeter of the chip with epoxy to prevent leaks out the side. Finally, I mount the
board on a custom-milled aluminum base.
Connector to
electronics
Chip
PCB
Fluid out Fluid in
Post
Aluminum
base
Aligned to hole in Si wafer
Glass
Silicon
Adhesive
Conductive Trace
epoxy
Figure 3-9: Package overview and implementation
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The PEEK tubing connects to the fluidic drive system by PEEK nuts and unions
(Upchurch). I fully describe the fluidic drive system in section 4.1: Test setup. The drive
electronics consists of an Agilent 33250A function generator buffered by a matrix buffer
and inverter switch developed by Anderson Nnewihe. MATLAB controls the circuitry
via a graphical user interface (GUI). The buffer provides my chip with an inverted and a
non-inverted voltage at the pins.
3.3.2 Fluidic ports
Figure 3-10: Fluidic access to chip
(right, above) front side of PCB, (right, below) underside of PCB with fluidic tubing,
(left) alignment of tubing with on-chip inlet holes
Figure 3-10 (right) shows the top and bottom surfaces of the PCB with the
pressure-fit PEEK tubing. The orange tubing shown used has a 1/16" outer diameter
(OD) and a .02" inner diameter (ID). The large inner-diameter reduces Taylor dispersion
55
[1] of the beads or cells at the input and avoids affecting the fluidic resistance at the
output. I place the chip within the traced rectangle shown in the upper right section of the
figure. The left section of the figure shows the exposed IID of the PEEK tubing through
the hole drilled in the silicon wafer. The yellow ring in the figure is the gold trace on the
wafer, which marks where to drill the hole. This simple macro-scale alignment caused
very few problems.
3.3.3 Electrical connection
(a) (b)
Figure 3-11: Electrical connection to chip
(a) conductive epoxy contact in 14-pum high chamber, inserted from backside hole
marked by red circle, (b) post-packaging removal of glass cover to reveal conductive
epoxy connection
The electrical contact pads on the chip are lined with gold above and below with a
hollowed-out chamber. Thus, the contact area is optically inaccessible. The mask could
be changed to have a larger area where the SU-8 is removed so that the epoxy leaks to
optically accessible areas. I tested the connection by bonding two wafers with the
patterned SU-8 and access holes, but no patterned gold. I inserted conductive epoxy into
the hole and observed the behavior of the glue through the glass wafer. Figure 3-11 (a)
shows the results of this experiment. The red circle indicates the placement of the access
hole. The epoxy fans out in the chamber forming a secure connection to the bond pad.
To examine the connection further, I fully packaged a device without the fluidic
attachments and without sealing the perimeter of the chip. Before the conductive epoxy
had set, I split the device open as shown in Figure 3-11 (b). Using a Fluke 45 multimeter,
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I measured the electrical connection between the input pin of the connector and the gold
contact pad. The connection is approximately 40.
3.3.4 Fluids and materials
To clean the device before and after use I purge the flowchamber with ethanol. If
the ethanol leaks to surrounding areas it could potentially begin to dissolve the adhesives
used in the packaging scheme. I placed four potential adhesives onto a glass slide and
submerged in ethanol overnight. I tested the conductive epoxy, double-sided tape
(VWR), high-performance epoxy that dries overnight and 5-minute epoxy (Radio Shack).
The results are shown in Figure 3-12. The conductive epoxy broke up entirely; the
double-sided tape had no adhesive left and turned opaque. The high-performance epoxy
held up to the ethanol, and thin layers of the 5-minute epoxy broke up, but the bulk
stayed intact.
Figure 3-12: Results of submerging adhesives in ethanol
(left to right) conductive epoxy, double-sided tape, high-performance epoxy, 5-minute
epoxy
The results of the ethanol test proved the importance of preventing leaks in the
package. If the adhesive below and around the chip leaked fluid, ethanol would reach the
conductive epoxy and degrade the electrical connection. I continue to use the conductive
epoxy for the electrical connection because that is what the package was designed for.
For all other adhesion, I use high-performance epoxy. The epoxy seals the area under
and around the chip so that no fluid has access to the electrical connection.
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Chapter 4: Concentrator Validation
This chapter presents the test results of the p-concentrator. I will begin with
describing the full test setup. I will then describe the methods I used to prepare a sample
and perform an experiment. I have characterized the throughput of the device under
some conditions; pictures and graphs from the experiments will be presented. Finally, I
performed an impedance analysis of the chip to describe the behavior of the device as
fluid conductivity changes.
4.1 Test setup
This section describes the setup used to test the chip. It includes microfluidic
connections to the chip, drive electronics and the microscope imaging system used for the
analysis. Methods of preparing samples for test will be described in section 4.3.
4.1.1 Fluidic Drive System
Figure 4-1: Microfluidic drive system
A syringe pump holds two syringes, one filled with media, another filled with particles in
solution. A four-way valve selects which fluid is pumped to the chip.
Figure 4-1 diagrams the microfluidic drive system used to pump fluids through
the device microchannel. As described in the packaging section of this thesis, PEEK
tubing (Upchurch, 1532) provides inlet and outlet of the fluidic samples to the chip. This
tubing has a 1/16" outer diameter and a .020" inner diameter. The relatively large inner
diameter at the input reduces the effects of Taylor dispersion on the particles before they
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enter the flow chamber. At the output of the device the large outer diameter helps avoid
affecting the relative fluidic resistances of the two channels.
Fluid is collected at the output in 1.5mL micro centrifuge tubes (USA Scientific,
1415-2500). I drill a small hole in the cap of the tube to snake the PEEK tubing through.
I connect the inlet tubing to the drive system by using a PEEK union (Upchurch P-702),
which connects two PEEK nuts (Upchurch, P-235). The PEEK nuts use 1/16" flangeless
ferrules (P-200) to seal the tubing into the nut. Further PEEK tubing then leads to a four-
way valve (V-101 D). The valve uses the same nuts and ferrules to connect to the PEEK
tubing at each port. Turning the valve decides which input goes to the chip and which
goes to waste which is also collected in a micro centrifuge tube.
The inputs to the valve are connected to two gastight glass syringes with luer tips
(Hamilton gL Gastight). One 5mL syringe holds media solution only, while another
2.5mL syringe holds suspended particle solution. A syringe pump (KD Scientific) drives
the syringes. It is important to note that as each syringe is used the pump must be reset
for that specific syringe diameter, otherwise the flow velocity will be inaccurate. The
syringes are connected to the PEEK tubing by female-to-female luers (Upchurch P-628)
and a connecting nut with ferrule.
Minimizing air bubbles in the system is vital to good experimental results. For
this reason, it is important to minimize the number of connections made to the fluidic
system. The four-way valve ensures that when switching out a syringe it is not directly
connected to the chip and therefore will not introduce bubbles into the system. Because I
am operating at low volumetric flowrates I try to keep the lengths of my tubes short to
minimize the time it takes to inject a sample plug.
4.1.2 Drive Electronics
An 80MHz function generator (Agilent, 33250A) provided the drive signal. The
signal was then conditioned through buffer circuitry designed by Anderson Nnewihe.
The buffering system uses a high-speed differential amplifier (Analog Devices, AD8132)
and analog switches (Analog Devices, ADG333), while the analog switch multiplexes out
the signal. Power is provided to the system by two dual output DC power supplies
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(Hewlett Packard, Harrison 6205B; Agilent, E3646A). All control of the devices is done
by a custom-written MATLAB graphical user interface (GUI) through GPIB ports. I
monitor the signal at the PCBoard input with a 200MHz digital oscilloscope (Tektronix,
TDS 2024).
It is important to note that the t-concentrator loaded down the circuit. The actual
voltage at the input of the device was different from the expected output voltage. The
voltage ratio depends on the conductivity of solution and will be explored in detail in
section 4.5. The reported voltages were measured at the input to the device after it had
been filled with solution.
4.1.3 Imaging
The packaged chip was adhered to the flat stage of the optical microscope (Zeiss,
Axioplan 2). All experimental imaging was performed under 20x magnification. Images
were taken with a black and white digital imaging camera (LaVision, Imager QE) which
interfaced directly with the microscope, and with a handheld digital camera (Canon
Digital Elph, A70). Fluorescence microscopy was performed with one of three filter sets
described in Table 4-1.
Filter set Excitation Emission Emission color
wavelength (nm) wavelength (nm)
Cy3 525-560 570-640 orange-red
FITC 460-500 510-560 green
DAPI 330-380 440-490 blue
Table 4-1: Filter sets for fluorescence microscopy
4.2 Methods
This section describes the experimental methods I used to determine the
efficiency of the g-concentrator. I will start with describing my test samples as well as
the handling practices and steps I took to prepare the samples. I will describe how the
flow chamber is prepared prior to an experiment and how a sample is injected into the
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flow stream. Lastly, I will outline the systematic approach I took in determining the
throughput of the device.
4.2.1 Sample Preparation
I used polystyrene beads to perform initial verification on the device. Two
different sizes of beads were used. 4-pm diameter polystyrene microbeads (Polysciences
Inc., 64070) were packaged 1% by volume in water with a concentration of 3*108
particles/mL. The 4-gm microspheres are unmodified, undyed and have a size variation
of 4%. 2-pm diameter fluorescent polychromatic microspheres (Polysciences Inc.,
19508-2) were packaged 2.5% solids in water at a concentration of 5.68*109
particles/mL. Polysciences publishes that the 2-pm microspheres glow vivid orange
under UV, bright red under a 475-490nm filter, and yellow under 545-610nm filter. I
found that the microspheres glow green under the FITC filter set, bright orange under the
Cy3 filter set and do not fluoresce at all under the DAPI filter set. All experiments made
with the 2-gm spheres were imaged with the Cy3 filter set. All microspheres were stored
at 40C.
It is important in the sample preparation process to exercise proper biological
laboratory techniques and proper handling of the samples. To prepare a sample of bead
solution I first mix PBS media to the appropriate conductivity. I pipette 25mL of
deionized (DI) water into a sterile polypropylene conical tube. I then pipette 25ptL (0.1%
by volume) of Triton X-100 (Sigma, T-8787) into the water. I pipette 25mL pure PBS
solution into a second sterile polypropylene conical tube. I again add 25 gL (.1% by
volume) of Triton into the saline solution. I vortex (VWR, Mini-Vortexer) both solutions
to fully mix the Triton, which acts to keep the microspheres from adhering to the surfaces
of the flow chamber as well as the microfluidic tubing. The conductivity of each solution
is measured by a conductivity meter (Thermo Orion 555A) whose wand is washed in
pure DI water then dried with N2 before and after each use. After the conductivities of
each solution have been determined, they are mixed by volume to the desired
conductivity, which I measure after mixing the solutions. If there are too many bubbles
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from vortexing the Triton, I place the tube in a vacuum chamber and cycle the vacuum on
and off to release bubbles from solution, then pop the bubbles on the surface.
After mixing saline media, I mix the bead solution by vortexing to equalize the
concentration of suspended particles in the water. I pipette 250gL of bead solution into a
1.5mL centrifuge tube. I add saline solution to the tube until it is lmL full of fluid, and
vortex. I then spin the solution in a centrifuge (VWR Galaxy Mini Centrifuge) until all
beads are settled at the bottom of the tube. I remove the excess solution by vacuum
aspiration, fill the tube to lmL with fresh solution, vortex and centrifuge again. In all I
wash the beads four times by repeating the cycle of add saline, vortex, centrifuge, remove
excess saline. After the fourth cycle, I fill a 2.5mL syringe with the lmL of bead solution
and another 1.5mL of saline solution. This makes a total of 1Ox dilution of the sample.
For the 4-gm bead solution I dilute an additional 1Ox for a total of 100x dilution. At
large concentrations the 4-pm bead solution tends to clog the fluidic inlets and outlets of
the device. I gently mix the bead solution in the syringe until uniform and remove
bubbles by tapping the syringe and squeezing them out. I fill a second syringe with pure
media, and a third sterile plastic disposable syringe (BD, 5mL syringe with luer lok) with
70% ethanol.
4.2.2 Sample Injection
I first connect the fluidic drive system to the chip with the exception of the
syringe pump. First, I purge the chamber with ethanol (70%) to wet the chamber and
clean any particulates that may be left from the previous use of the device. I purge the
chamber with ethanol by hand using constant pressure. I then assemble the system with
the syringe pump. Using the valve, I change the fluid to pure media and fill the channel
with media to expel all ethanol. I set the media flowrate to be 1 00pL/min.
I stop the media flow and place the sample syringe in the syringe pump. Next, I
empty, rinse, and dry the collection tubes at the outlet. I hook up and engage electronic
drive, then start flow of the sample solution at 20 or 30gL/min. When I see beads in the
collection tube on the valve, I switch the valve to let the sample flow into the channel. I
monitor the flow under the microscope; when the particles become visible in the
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flowchamber I reduce the flowrate to begin the experiment. I flow sample continuously
into the device throughout the experiment. Keeping continuous flow while the particles
are in the device, decreases sample adherence to the surfaces of the chamber.
When experimentation is complete, I switch the valve to flow media through the
chamber without stopping the flow. I flow pure media at 100pL/min for several minutes.
I then dismantle the experimental setup and purge all chambers and tubes with several
mLs of ethanol and compressed nitrogen to dry. I remove all fluid from the chamber for
storage to avoid long-term corrosion effects to the device materials.
4.2.3 Flowrate Determination
DIRECTION OF FLOW
(a) (b)
Figure 4-2: Fluorescent beads concentrated and not concentrated
Pictured are 2-,pm fluorescent beads in .O]S/m fluid with a 5-um wide electrode. (a)
shows beads collected by the electrode against flow, (b) shows beads flowing past the
electrode and not concentrated.
To determine the maximum flowrate that the electrode can hold against, a portion
of the electrode is observed and imaged. I fluorescence image the beads and set them to a
particular flowrate. I then change the applied voltage until the bulk of beads no longer
pass the electrode. The voltage at which the bulk of the beads are collected is the point
pair that I collect. I have a voltage and a maximum flowrate that it can hold against. I set
the flowrate and change the voltage because the fluidic time constant is much larger than
the electrical time constant. Figure 4-2 (a) shows nearly all beads being collected by the
electrode, and (b) shows very few beads being collected by the electrode. Some beads
63
are collecting because the electrodes are on, but the field is not strong enough to hold all
of the beads. For the p-concentrator, it is easy to see the collection under fluorescence
because the beads themselves mark where the electrode is.
4.3 Experimental Results
I have been able to demonstrate device functionality. Figure 4-3 (a) shows the 5-
pm wide electrode of the p-concentrator collecting beads along its length while voltage is
applied to the electrodes. Parts (b) and (c) show the flow of the beads just after the signal
is turned off. The beads cross the electrode in the direction of the flow. With chambers
full of beads I have been able to determine what is the maximum flowrate a particular
voltage can block against.
ELECTRODE BEADS DIRECTION OF FLOW
(a) (b) (c)
Figure 4-3: Picture sequence from experiment
Pictured are 4-im beads in .OJS/m fluid with a 5-im wide electrode. (a) shows beads
being captured above the electrode, (b) shows beads just after signal is turned off (c)
shows beads after the signal has been off
I have run two main experiments to graph the flowrate-voltage (FV) relationship
of the p-concentrator. The first experiment uses 4-pm diameter polystyrene beads, while
the second experiment uses 2-pm diameter fluorescent latex-polystyrene microspheres. I
have extracted the electrical parameters of the microspheres from literature [27] to
generate an expected FV plot for the beads in question. I used equation ( 2-10) to plot the
expected FV curve for each experiment. I ran each experiment three times in the same
day. Results for the two experiments are shown in Figure 4-4 and in Figure 4-5.
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Figure 4-4: 4-pim bead experimental results
Voltage was applied to the electrodes at ]MHz. The beads were suspended in .0]S/m
PBS solution. Experimental points presented are from a single experiment.
The experiment using the 4-pm beads, and the 10-pm wide electrode, came very
close to theory as shown in Figure 4-4. Results are within 10% of the expected values.
The slight divergence from theory could potentially be explained in several ways. First,
human error may have caused a discrepancy in the data. 4-pm white polystyrene beads
are difficult to see when traveling at high velocity, therefore accurate measurements were
difficult to make. Second, the analytical formulation that forms the expected line uses the
dipole approximation and only calculates the force contribution of the dipole. If the g-
concentrator also induces a significant quadrupole contribution, or higher-order poles,
then this may affect the strength of the concentrator. A more accurate analytical formula
would include higher-order poles in its derivation.
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Figure 4-5: 2-pim fluorescent bead experimental results
Voltage was applied to the electrodes at 1MHz. The beads were suspended in .01S/m
PBS solution. All experimental points are shown, the solid line represents the mean of
the data.
Results for the experiment using the 2-gm fluorescent beads were not as close to
theory as the previous experiment. Figure 4-5 shows the results for these beads using
devices with a 5-gm wide electrode and a 10-gm wide electrode. The maximum
blocking flowrates for the 10-gm line deviate from theory by 50%, while the results for
the 5-gm line are off by 100%. There are two questions to answer here: why do the
results deviate by such large percentages, and why do the results for the 10-gm line and
the 5-gm line differ so widely from each other? I will attempt to provide a plausible
answer to the first question first.
There are three main differences between the 2-gm beads and the 4gm beads
exclusive of the size. First, the 2-gm beads are part latex in addition to the polystyrene.
A difference in permittivity would affect the CM factor; however, I expect that it would
not affect it in a significant way. Second, the 4-gm beads have high size precision,
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whereas the 2-gm beads may have a larger size variation. Again, I expect that the size
difference would not affect the results in a significant way. Third, the 2-gm beads had a
tendency to clump together. Particle-to-particle interactions may alter the DEP force.
Additionally, adherence of these clumped particles caused weak points along the line
where particles escaped across the electrode. This weakness, which will be discussed in
the next section, not only weakened the strength of the concentrator, but also made it
difficult to make accurate measurements.
Several steps can be taken in the next generation of experiments to bypass some
of these problems. Fluorescent beads are crucial to the experiment since regular
polystyrene beads are difficult to see. Microspheres that are carboxylate modified will
reduce adherence problems of the spheres to the surfaces and to each other. This will
eliminate some of the possible problems with weaknesses due to clumped beads. Also,
running the experiment with a lower concentration sample would help the clumping
problem. The experiment I ran used low conductivity solution. Higher conductivity
media would also reduce adherence of the particles.
I attempted to run a set of experiments at very low conductivity (0.001 S/m) and
at very high conductivity (1 S/m). The low conductivity solution created extreme
problems with cell clumping and adhesion. Carboxylate modified spheres could resolve
this problem. The high conductivity solution did not have as much of a clumping
problem, but results were weak. Even at high voltages, I could not block against
relatively low flowrates. I saw very little to no collection of beads along the electrode.
As a result, I could not collect data for the experiment. Due to this result, I did a full
impedance characterization of the device. 1 S/m is highly conductive and it is possible
that the fluidic load is not seeing all of the voltage and that voltage is being dropped
across the electrode. Results of the impedance analysis are presented in section 4.5.
4.4 Robustness
It is important to keep the system bubble free. Figure 4-6 (a) shows the effect of a
bubble that enters the flow chamber. Air bubbles have a much lower permittivity and
conductivity than the fluid, which means that bubbles of all sizes will experience negative
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DEP. Consequently, the bubble will travel along the electrode with the collected
particles. If the bubble is trapped, or does not travel through the chamber at the velocity
of the fluid, fluid will flow around it at a higher velocity than the average throughout the
chamber. This causes particles that were previously collected to flow across the electrode
and be released from the concentration path as shown in Figure 4-6 (a).
BUBBLE RELEASED BEAD STREAMS
(a) (b)
Figure 4-6: Device robustness to bubbles and particles
Particulates and particle clumping will also cause weaknesses along the electrode.
A clump of cells, beads or dirt will have a similar effect to the bubble along the electrode,
releasing it from the barrier path. Figure 4-6 (b) shows clumps of particles along the
electrode releasing streams of oncoming particles.
The g-concentrator collects all particles along a single electrode. This makes it
vulnerable to foreign species in the flow chamber as well as imperfections in the particle
of interest. Cells adhere to surfaces; therefore, it is crucial to design a device robust to
particle adhesion. Fabricating several strips of electrodes in parallel to catch released
particles would strengthen the trap and make it more robust to particulates. Such a design
will have to be carefully modeled due to its effects on the temperature rises in the system.
Many electrodes in parallel would produce a power density over a larger volume, thus
increasing temperature rises in the system. If each electrode is far enough from the others
to be considered isolated, it may not affect the temperature rises.
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4.5 Electrical Characterization
In order to characterize the amount of voltage that is getting to the fluidic load I
ran impedance measurements on the 5-pm and 10-pm devices. This electrical
characterization will help determine the difference between the different line widths and
shed some light on why the device does not perform as well as expected. Figure 4-7 and
Figure 4-8 show impedance measurements for the two devices taken for a wide range of
conductivities. The measurements were taken with an HP 4194A impedance analyzer.
The most interesting thing to note from the measurements is that the conductivity
of the fluid does not strongly affect the impedance of the full device. The conductivity
affects the impedance of the 10-pm device more than that of the 5-pm device; however,
the effect seen in the figure is still less than expected. An order of magnitude change in
the fluidic load would ideally change the impedance of the device by an order of
magnitude.
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Figure 4-7: Impedance of 5-pum device for various media conductivities
The graphs in this figure show the magnitude and phase of the series impedance of the 5-
pam device. Each curve fits the impedance for a different media conductivity ranging
from 0.001 S/M to 1 S/M.
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Figure 4-8: Impedance of 10- pm device for various media conductivities
The graphs in this figure show the magnitude and phase of the series impedance of the
10--um device. Each curve fits the impedance for a different media conductivity ranging
from 0.001 S/IM to 1 S/m.
To determine why the effect is so small and how that affects the performance of
the system, I fit an approximate equivalent circuit model to the data to model the
behavior and the parasitics. In looking at the impedance graphs, it is clear that a pattern
of poles and zeros emerge. Figure 4-9 shows a sample fit impedance which approximates
the behavior of the measured impedance. The sample clearly shows a behavior
corresponding to a pole, zero, pole, zero behavior. Additionally, the center pole and zero
mimic the behavior of a lead compensation system [22], which will help in constructing
an equivalent circuit. Another important note is that it is the second pole that moves with
the change in conductivity; therefore, the lead network should be reconstructed at the
fluidic load. Figure 4-10 shows a circuit schematic, which approximates the impedance
behavior.
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Figure 4-9: Sample fit to frequency response
The curve shows clear behavior of having two poles and two zeros.
V ~ Lpam I
RIine CP0i
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RpWal
Figure 4-10: Simplified circuit schematic for the p-concentrator and parasitics
Cblk and RbIk are the capacitance and resistance associated with the fluid; C,, is the
double-layer capacitance at the interface of the electrode and the fluid; Lpara and Rimne are
the resistance and parasitic inductance associated with the inputs and the electrodes;
Rparai is a parasitic resistance seen across Cp,0 ; Rpara2 is a parasitic resistance seen
between the electrodes in parallel with the fluid.
71
120
100
s0
60
40
-30
-60
-90 L-
10
I
Cr
Capacitance forms between the electrode and the fluid from an electrical double-
layer. This capacitance is large, on the order of tens of nF, and it sees a large parasitic
resistance in parallel with it, on the order of 10OkQ, shown as low-frequency impedance
in Figure 4-7 and Figure 4-8. This capacitance and resistance form the low-frequency
pole. This conclusion agrees with the data, which shows that the 10-pm line, having a
smaller resistance due to larger area, has its first pole at a higher frequency than the 5-pim
line. The fluidic bulk resistance and capacitance along with parasitic resistances and
capacitances form the second pole, which moves with the conductivity of the fluid.
Finally, the high-frequency zero is formed by parasitic inductance at the input coupled
with the resistance of the electrodes and electrical connection. Capacitances and
resistances were calculated from the parallel plate and basic resistor approximations
using permittivities and conductivities of the materials.
R =L (4-1)
aA
C = (4-2)
d
The parasitic resistance seen in parallel with the fluidic load limits the change in
impedance caused by the fluid if it dominates the electrical characteristics. Thus I
conclude that the parasitic resistance is smaller than or on the same order as the resistance
seen in the liquid. The 5-jim device measurements show very little change in impedance;
therefore, it has a smaller parasitic resistance in parallel with the fluid. The 10-pm line
shows a larger spread, therefore its parasitic may be large than that of the 5-pm device.
This may partially explain the difference in collection strength for the two devices.
Figure 4-11 shows possible sources of parasitics in the system. Capacitance from
the electrodes to the silicon may account for the parasitic capacitance in parallel with the
fluidic load. Resistance through the silicon, in particular the resistance seen between the
conductive epoxy connections may account for much of the parasitic resistance seen in
parallel with the fluid. To first order, this hypothesis does not match the circuit model fit
to the impedance measurements; however, a more accurate model would show
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partitioned segments of the electrode and fluid in series. For ease of modeling, and to
give intuition for the problem, I approximate the fluid to be at the load of the electrodes,
however, the parasitic resistance in the silicon may be what lies in parallel with this load.
Figure 4-11: Diagram ofparasitics at the input of the device
The layout of the input to the device and the electrical contacts may contribute significant
parasitics to the electrical model. Parasitic resistance exists between the contacts
through the silicon. There is parasitic capacitance from the upper and lower electrodes
to the substrate. These parasitics lie in parallel with the fluidic load.
Without fitting an exact model to the measurements, I was able to show the
system behavior through approximations, intuition, and a simplified circuit model. The
circuit model explains the possible difference between the 5-pm and 10-pm line. Using
the circuit model I can plot the characteristics of the voltage divider at the load to show
what happens as the conductivity of the fluid is increased. The plots show general trends
in the device characteristics rather than actual values. As shown in Figure 4-12, as the
conductivity of the fluid increases, the voltage seen across the load decreases. This
becomes less significant as the parasitics become more dominant. If there is a small
resistance in parallel with the load, it will dominate the impedance characteristics and
changes in the impedance of the fluid will not have as strong of an affect. This behavior
may explain why decreased concentration strength is observed with high conductivity
media. Minimizing the parasitics will couple more of the power to the fluidic load, and it
will increase the differences in load characteristics. Overall increasing the parasitic
resistance will improve the performance of the j-concentrator.
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Figure 4-12: Load characteristics for equivalent circuit model
(a) total impedance of device, approximation of measured impedance, (b) trend of
voltage fraction seen at the load which decreases as fluid conductivity increases; this
simulation does not reflect the exact Vout/Vin ratio.
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Decreasing the resistance of the electrodes will also increase the amount of
voltage seen at the load. Less voltage will drop across the electrode and more will drop
across the fluidic load. Figure 4-12 (b) shows the general characteristics of the voltage
output at the load for high conductivity fluid where the bulk resistance of the fluid
approaches the resistance of the electrode. At high-frequency, where the double-layer
capacitance no longer dominates, the circuit starts to look like a simple resistive voltage
divider. Decreasing the resistance of the electrode would drop more voltage across the
load. Another thing to note is that only a fraction of the voltage gets to the load even
when the resistance of the line is very low and the fluidic resistance is high. This comes
about from the capacitive ratios and it could explain the large discrepancies seen in the
experimental data. Either a more exact circuit model or further experimental
characterization will be required to verify what the ratio is.
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Chapter 5: Conclusions
5.1 Conclusions
I have designed, fabricated, characterized and shown test results for a MEMS-
based cell concentrator. The design uses parallel strips of electrodes microfabricated
above and below a microfluidic channel to guide bioparticles toward a concentrated
outlet stream. I measured the throughput by measuring maximum volumetric flowrate
that the strip electrodes can block against. I have been able to show that under some
conditions the t-concentrator obeys theory within 10% error. Larger errors were
observed for smaller fluorescent beads. The source of these errors remains undetermined,
but may be due to bead clumping.
I have found that the performance of the concentrator drops with increasing fluid
conductivity. With such high conductivity solution, the DC resistance of each electrode
is similar to the DC resistance of the bulk fluid; therefore, it is possible that a significant
amount of voltage is being dropped across the electrodes. I have conducted a full
impedance analysis on the device and have determined that reducing the resistance of the
line as well as parasitic resistances in the device will increase the overall performance of
the t-concentrator.
A second-generation p-concentrator could yield significantly better performance.
I have outlined in section 3.2.6 improvements that can be made to the fabrication process
to improve the device. In addition, I recommend several changes to the electrode layout
potentially to improve performance. First, the electrode topology should be altered such
that the bulk of the resistances are in parallel rather than in series. There are several ways
to make this change. Widening and skewing electrodes such that only a small part
overlaps would decrease the resistance without greatly increasing the temperature rise. If
using this topology careful attention should be paid to the increasing of the double-layer
capacitance. Another way to decrease the resistance is to have a series of short
electrodes, which are electrically in parallel with each other as shown in Figure 5-1.
With any of these topologies, careful attention will have to be paid to temperature rises.
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Electrode Chamber Electrode
Figure 5-1: Electrode topology with parallel resistance
5.2 Future Work
The device requires further characterization in order to determine how much
voltage is being applied to the fluidic load, how much flowrate it can block against and
what its concentration factor is. Microsphere characterization will calibrate the device
functionality. Using carboxylate surface-modified fluorescent microspheres will reduce
the tackiness of the spheres and hopefully provide a more accurate set of measurements.
An array of experiments will need to be run varying line width, solution conductivity,
frequency, and sphere diameter. Currently the experiments only vary two of these
parameters in few ways.
The device should be refabricated in a more robust manner to ensure that the
cavity seals around the perimeter. A good seal is required in order to perform an analysis
of the concentration factor. The goal of the p-concentrator is to concentrate 100 times.
A microscopic cell-count algorithm can approximate the concentration of the cells
assuming they can be appropriately collected at the output. Careful fabrication and
packaging are required for this purpose.
Once the microsphere characterization is complete, experiments with fluorescent-
tagged E. coli should be performed. The purpose of the j-concentrator is to concentrate
E. coli in unknown solution conductivity; therefore, characterization on E. coli must be
completed even if it cannot perform in high-conductivity solution. A redesign of the
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buffer circuitry will have to be implemented in order to perform high-frequency analysis
on the bacteria.
Once a redesign of the ji-concentrator has been made and a second generation
device has been characterized, the work should ultimately be expanded to work on other
cells and pathogens, as well as sort them. Sorting cells can be done by varying the angle
of the electrode and providing different outlet paths at the end of each angled path. For
example, angle the electrode 50, some particles will go to waste. At the end of this
concentration path, angle the electrode 100 for a second round of separation and
concentration. At the end of that electrode, increase the angle again. A well-
characterized device can be calibrated to act on bioparticles of any size or nature.
5.3 Contributions
I have developed a full modeling sequence and as well as customizations to
MATLAB scripts for modeling bacteria in a dielectrophoretic device. The modeling
incorporates the affects of DEP, induced temperature rises on the system and electro-
hydrodynamic flows. I have developed a successful fabrication process for enclosing
electrodes on top and bottom boundaries in a microfluidic chamber. The bonding of the
two wafers is an original process that, to my knowledge, has not been part of published
work.
The bacterial concentrator described in this thesis is, to my knowledge, the first to
use negative dielectrophoresis to concentrate bacteria. Although the device has not been
validated for use with bacteria, the potential exists to make a bacterial concentrator that
uses n-DEP to concentrate bacteria in any conductivity solution. Other known instances
of bacterial concentrators have been made for use in lab conditions with very low
conductivity solution. At relatively low frequency, bacteria in these conditions feel a
strong positive dielectrophoretic force. However, bacteria high conductivity fluids,
which often real-world fluids are, experience negative DEP at these frequencies. The
goal of this thesis and the future work proposed in this thesis is to create a single
concentrator to concentrate bacteria 100 times in any conductivity solution. The work I
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have done shows a proof of concept and with further characterization and some
improvements, the goal can be achieved.
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Appendix A: Fabrication process flow
Starting materials:
- 4", 100 orientation, 500 ptm thick, lowly-doped silicon wafers, purchased from
Wafernet
- 100 mm diameter, 500 pm thick Pyrex wafers, purchased from Markoptics
- Mask 1: 5" soda-lime mask for electrode pattern
- Mask 2: high-quality transparency mask for microfluidic channel pattern
- Mask 3 Photomask blank: 5" glass plate coated in chrome and standard
photoresist, purchased from Telic
Machine
Electrode Pattern
Wafer clean
Thermal oxidation
Dehydration bake
HMDS
Photoresist coat
Prebake
UV expose
Post-expose bake
UV expose
Develop
Metal evaporation
Liftoff metal
ICL RCA
ICL tube 5D
TRL post-bake oven
TRL HMDS
TRL coater
TRL pre-bake oven
TRL EVl
TRL pre-bake oven
TRL EV1
TRL photo-wet
TRL e-beam
TRL solvent-Au
Parameters
Standard RCA clean with HF dip
Two back-to-back oxidation runs of
200min, wet oxidation at 1050'C
120 *C, 30min
recipe 4
1.5p.m AZ-5214E image-reversal
photoresist 500 rpm 9sec, 700rmp 9sec,
3000rmp 30sec
95 "C, 30min
Flood, 60 sec
95 *C, 30 min
Soft contact, Pyrex 1.2 sec, Silicon 1.5
sec, Mask 1
AZ-422 developer, 100 sec
Pump down to le-6 torr, deposit 500A Ti,
5000A Au, at 5 A/s
Soak in Acetone in ultrasonic bath
overnight
Wafer
Si
Si
Py
Py, Si
Py, Si
Py, Si
Py, Si
Py, Si
Py, Si
Py, Si
Py, Si
Py, Si
13 UV expose
14
15
Develop
Chrome etch
16 Photoresist Strip
17 SU-8 Spin
18 Prebake
19 UV expose
20 Post-expose bake
21 Develop
Photomask Transfer
TRL EV 1 Cut transparency and center on Cr/resist
side of plate, flood expose, 3sec
TRL photo-wet AZ-915 developer, 2 min
TRL acidhood Soak in CR-7 chromium etchant, light
agitation, 2 min
TRL acidhood Soak in nanostrip, 30 min
Microfluidic Channel Pattern
TRL SU-8spinner SU-8 2015, 500rpm 15 sec, 3500rpm
30 sec
TRL hotplate 65*C 1min, 95*C 2 min
TRL EVl Soft contact, 9 sec, Mask 3
TRL hotplate 65'C 1min, 95"C 2 min
TRL solvent-Au Soak and agitate in PM Acetate LW
developer for 2.5 min, rinse in Methanol
then Isopropyl alcohol
Step Description
1
2
3
4
5
6
7
8
9
10
11
12
Py
Py
Py
Py
Py
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Drill holes
22 Frontside protect
23 Drill
24 Remove
photoresist
25 Alignment and
contact
26 Wafer bond
27 Dice wafer
28 Improve bond
TRL coater
Group lab
EML solvent hood
Coat thick photoresist, 500rpm 15 sec,
3000rpm, 30sec
.75mm diam triple-ripple diamond drill
bit, lubricate in DI water
Acetone soak 45 sec, Methanol rinse,
Isopropyl alcohol rinse
Wafer Bonding
EML MJB3 Pyrex wafer inserted as mask, aligned to
broadband silicon wafer and contacted
EML hotplate Level hotplate, cover wafer pair with flat
weight, 95*C, 10 min
Dice Wafer
ICL die saw Use G setting (6-pass), cut in two strokes
using 2401im blade
Group lab hotplate C clamp to hotplate, 100'C, 10 min
Si
Si
Si
Py, Si
Py, Si
Py, Si
Py, Si
Notes:
* When spinning on SU-8, coat the entire wafer in SU-8 prior to spin. This
prevents streaks in the SU-8 layer.
* When processing with SU-8 do not remove the wafer from yellow light until after
wafer bonding. It is important to preserve tackiness in the SU-8, therefore steps
17-21, 25 and 26 should be done in rapid succession never having been removed
from yellow light. If the wafers do not tend to stick together on contact try
backing off slightly on post-exposure bake times or exposure time.
* When doing alignments to wafers with SU-8, make sure the wafer is out of
contact with the mask or the other wafer, 30-pm gap should be sufficient, increase
if necessary.
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Appendix B: FEMLAB Electro-hydrodynamic Modeling Setup
*In collaboration with Adam Rosenthal
FEMLAB 2.3, MATLAB 6.5
Multiphysics
Add
Fluid Dynamics
Incompressible Navier-Stokes
Options
Add/Edit Constants
T_o = 310
epso = 8.85e-12
eps = 80*8.85e-12
epsfactor = -.004
sig = 1
sigfactor = .02
f = 10e6
omeg = 2*pi*10e6
Options
Add/Edit Expressions
F_const = (sigfactor-epsfactor) *((gradTx-ht).*Ex+(gradTyht).*Ey+(gradTz-ht).*Ez)
Emag2 = Ex.^2+Ey.^2+Ez.^2
tau = eps/sig
Boundary Conditions: (for flow chamber)
Sides - symmetry/slip
Bottom/Top - no slip
Subdomain Settings:
Fx = -.5*(F-const*eps/((+omeg*tau)^2)*Ex+.5*Emag2*epsfactor*eps*gradTx-ht)
Fy = -.5*(F_ const*eps/((l+omeg*tau)^2)*Ey+.5*Emag2*epsfactor*eps*gradTyht)
Fz = -.5*(Fconst*eps/((1+omeg*tau)^2)*Ez+.5*Emag2*epsfactor*eps*gradTz-ht)
Turn off Navier-stokes equations for non-fluid subdomains
Select subdomain, deselect "Active in this domain"
Viscosity =1000 for solids
Point Menu: (lock the pressure as zero for a point in the outflow, the solver uses this as a
reference)
View as point coefficients
Point Settings
Select a point in the outflow path
Go to the 'weak' tab and enter 0 0 0 0 0 0 0 0 -p
Solve Problem
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